Abstract--This paper presents small signal stability analysis of a doubly fed induction generator (DFIG) based wind farm including series dynamic braking resistor (SDBR) connected at the stator side. A detailed mathematical model of wind turbine, DFIG machine and converters and SDBR is presented in this paper to derive the complete dynamic equations of the studied system. Small signal stability of this system is carried out by modal and sensitivity analysis, participation factors and eigenvalue analysis. Finally, this paper presents an analysis of the dynamic behavior of DFIG based wind farm under voltage dip condition with and without SDBR.
I. INTRODUCTION
O meet the increasing power demand all over the world, wind energy is considered one of the most top growing and pollution free energy resources [1] . Among different topology available to obtain variable wind speed operation, doubly fed induction generator (DFIG) is quite popular now a days due to its reactive power controllability [2] . In doubly fed induction generator based wind energy conversion system, the stator winding is directly connected to the grid and the three phase rotor windings are supplied from a back to back voltage source converter via slip ring. This paper studies the behavior of the DFIG based wind farm which is modeled with the stator flux orientation. One salient feature of this study is to incorporate SDBR in the small signal stability model of DFIG based wind farm. The role of SDBR is to mitigate destabilizing depression of electrical torque and power during network disturbance [3] . The modeling of SDBR along with DFIG based system has seldom been reported in literature. The small signal stability analysis is carried by time domain simulation with and without SDBR. This study also attempts to develop a complete small signal stability model including SDBR which will be helpful to perform modal and sensitivity analyses, determining participation factors to find out the relations between different modes and state variables. The small signal stability analyses are carried out by time domain simulation with and without considering SDBR. This paper is organized as below: the dynamic model of variable speed wind turbine driven DFIG including SDBR is introduced in Section II. Then modal and sensitivity analyses are presented in Section III and IV. In Section V the dynamic behavior of the system under voltage dip with and without SDBR are examined. Conclusions are drawn in Section VI.
II. MODEL SYSTEM
A. System Configuration The schematic diagram of the studied system is presented in Fig.1 where wind turbine driven doubly fed induction generator system is connected to power grid through the transmission line which may include the impedance of transformer and connection cable. The DFIG based wind power system is modeled using 5 th order machine model in which stator and rotor dynamics are considered. In addition, this model includes two-mass model of drive train to analyze the detail dynamic behavior of wind turbine driven DFIG based system. All the parameters are listed in appendix.
B. Drive train Modeling
Drive train model is developed in this section considering both the inertia of generator and turbine. The connecting shaft is modeled as a spring and damper. Figure 2 shows simplified two-mass drive train models of wind turbine generator system. This study considers the simplified two-mass model which is sufficient for dynamic and transient analyses [4] . (1)
where ω t and ω r is the pu angular speed of the turbine and IG, respectively, D, K 
Substituting equation (20) The third and fourth term in equation (30) 
H. SDBR Modeling
The SDBR contribute directly to the balance of active power during fault. SDBR modeling is accomplished by the insertion of a resistor in the stator circuit. Thus it increases the voltage at the terminal of DFIG and mitigates the destabilizing depression of electrical torque and power during fault [7] . Figure 5 shows schematic diagram of SDBR which is located in the stator side of the generator. 
power, SDBR will increase mechanical power and thus improve performance during voltage dip. Thus SDBR can be a very effective mean to enhance the dynamic performance of a DFIG based wind turbine generator.
III. SMALL SIGNAL STABILITY ANALYSIS
The mathematical model for each subsystem can be combined together to constitute a set of complete state space equations. The generalized nonlinear ordinary differential equations can be written in the following form [8] 
A. Modal Analysis of the Studied System
The modal analysis is performed on the system shown in Fig.1 . The system rating is used for this study is 4 MVA, 690 V, 60 Hz variable speed wind generator connected with a grid. The operating points are listed in Appendix. Eigenvalues of the studied system are listed in Table I . Eigen values are studied in two cases: system with SDBR and system without SDBR. 
III. SENSITIVITY ANALYSIS
Eigenvalue sensitivity indicates the rate and direction of eigenvalue displacement in the s-plane due to the variation in the system parameters which is an efficient tool for designing the control system and to parameterize the system. Eigen values and eigenvalues sensitivity are of high importance in analysis the instability phenomena given various circumstances. The first order sensitivity of an eigenvalue λ i with regard to a system parameter α is given by the following equations:
where Φ i and Ψ i is the right and left eigenvector. The participation factor table 5.2 shows the degree of contribution of each state variable to the associate mode. For sensitivity analysis presented in this section rotor current closed loop bandwidth, rotor active damping, rotor current, rotor back EMF and transmission line will be considered.
A. Rotor Current Closed Loop bandwidth
With the increase of rotor current closed loop bandwidth, the rotor current dynamics will be improved as it decreases the tracking error and limits rotor current transients. However, stator mode is also related with rotor current closed bandwidth and this mode will be deteriorated with the increment of rotor current closed loop bandwidth. The sensitivity of stator mode with respect to rotor current control closed loop bandwidth of both d axis and q axis are given in the following: 
B. Rotor Active Damping
The sensitivity of stator mode with respect to rotor current control closed loop bandwidth are given by the following equation:
Active resistance is introduced in the rotor current controller scheme to increase the damping of the disturbances.As the value of damping resistor in rotor current controller is increased, the damping of stator mode is significantly decreased while for rotor current mode the damping is significantly. 
C. Rotor Current
The sensitivity of stator mode with respect to rotor current is described by the following equation:
So increasing of rotor current (d-axis) will decrease the stator mode damping. Higher d axis rotor current can lead stator mode to the unstable state and deteriorate system dynamics. 
D. Transmission Line Parameter
(42) Figure 10 shows that, SCR of network plays an important role in stator mode damping. From the fig 10, it is observed that increasing SCR of the network impedance will increase the damping of stator mode as well as increase stator mode stability margin. 
VI. CONCLUSION
Small signal stability analysis as well as augmentation of variable speed wind generator using a series dynamic braking resistor is the main focus of this study. Modeling of two mass drive train, stator and rotor side modeling, SDBR modeling is presented in this paper. For the sake of simplicity, grid side dynamics and dc link capacitor is ignored and it is assumed that converters are operated at unity power factor. Eigen value calculation as well as participation factor analysis has been utilized to evaluate the system behavior and system modes during small disturbances. Sensitivity analysis shows variation of eigenvalue with respect to the change of any system parameters. Dynamic responses of the system under voltage dip are demonstrated to validate the effectiveness of the proposed SDBR. This analysis will help to study the effects of system parameters on different modes, determining the stability margin and stability augmentation of wind farm composed of variable speed wind generators. 
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